The low affinity neurotrophin receptor p75NTR can mediate cell survival as well as cell death of neural cells by NGF and other neurotrophins. To elucidate p75NTR-mediated signal transduction, we screened p75NTR-associated proteins by a yeast two-hybrid system. We identified one positive clone and named NADE (p75NTR-associated cell death executor). Mouse NADE has marked homology to the human HGR74 protein. NADE specifically binds to the cell-death domain of p75NTR. Co-expression of NADE and p75NTR induced caspase-2 and caspase-3 activities and the fragmentation of nuclear DNA in 293T cells. However, in the absence of p75NTR, NADE failed to induce apoptosis, suggesting that NADE expression is necessary but insufficient for p75NTR-mediated apoptosis. Furthermore, p75NTR/ NADE-induced cell death was dependent on NGF but not BDNF, NT-3, or NT-4/5, and the recruitment of NADE to p75NTR (intracellular domain) was dose-dependent. We obtained similar results from PC12 cells, nnr5 cells, and oligodendrocytes. Taken together, NADE is the first signaling adaptor molecule identified in the involvement of p75NTR-mediated apoptosis induced by NGF, and it may play an important role in the pathogenesis of neurogenetic diseases.
A member of the tumor necrosis factor receptor family, p75NTR, can medicate cell death under certain conditions (1) (2) (3) (4) (5) . Unlike the Trk receptor family, its functional roles and signaling pathways have remained largely unclear (6) . p75NTR
1 has a C-terminal region that is highly homologous to a type-2 death domain, thus the existence of p75NTR (ICD)-binding proteins has been implicated (7) . Recently, tumor necrosis factor receptor-associated factor (TRAF) family proteins, FAP-1, and zinc finger proteins have been reported to interact with p75NTR (ICD) (8 -12) , and these proteins potentially are involved in p75NTR-mediated signal transduction. However, none of them had a direct effect on NGF-dependent apoptosis. To further identify p75NTR (ICD)-binding proteins, we used rat p75NTR (ICD) as a target to screen mouse cDNA libraries by a yeast two-hybrid system. Here we report the identification of the p75NTR-associated cell death executor, NADE.
MATERIALS AND METHODS
Cloning of NADE-mNADE was isolated by using a yeast two-hybrid system as described previously (13) ; the cytosolic domain of p75NTR cDNA (amino acids 338 -396) was used as a target. Briefly, we introduced mouse embryo pVP16 cDNA libraries into the LexA/p75NTR-expressing cells by using a high efficiency LiOAc transformation method (14) . From a screen of 5 ϫ 10 7 transformants, we identified an initial set of 672 His ϩ colonies. Using a ␤-galactosidase colorimetric assay (15) , we selected 181 clones as candidates for further analysis. One clone, which specifically reacted with the LexA/p75NTR, was selected and was named NADE. A full-length mNADE cDNA was cloned into pBluescript II KS(ϩ) by inserting the partial NADE cDNA (nucleotides 7-524) and the 5Ј-rapid amplification of cDNA end product. PCR was used to replace the stop codon and to add 5Ј XhoI and 3Ј BamHI sites into the full-length NADE cDNA. pcDNA3.1/myc-His(Ϫ)A/ mNADE was constructed by inserting a full-length mNADE cDNA into XhoI-BamHI-digested pcDNA3.1/myc-His(Ϫ)A (Invitrogen). Human NADE cDNA was amplified from a Jurkat T cell cDNA library; the product was then cloned into XhoI-BamHI-digested pcDNA3.1/myc-His(Ϫ)A.
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3.1/myc-His(Ϫ)A/mNADE. We used the mutagenic primer pairs 5Ј-AA-AGCTTAGGGAGGCACAGCTGAGAAA-3Ј and 5Ј-TTTCTCAGCTGTG-CCTCCCTAAGCTTT-3Ј and 5Ј-ATCCGGAGAAAGGCTAGGGAGGCA-CA-3Ј and 5Ј-TGTGCCTCCCTAGCCTTTCTCCGGAT-3Ј to generate GFP-L94, 97A, in which both Leu-94 and Leu-97 are replaced with Ala. At 24 h after transfection, 293T cells transfected with GFP-containing plasmids were fixed with 3.7% paraformaldehyde, washed with PBS, and stained with TO-PRO-3 iodide to visualize the nucleus. The images of representative fields were captured on a Zeiss LSM 510 confocal laser-scanning microscope.
Reagents and Antibodies-N-acetyl-Leu-Leu-norleucinal (ALLN), Nacetyl-Leu-Leu-methioninal (ALLM), and mouse NGF were obtained from Sigma. PSI (Z-Ile-Glu-(OtBu)-Ala-Leu-aldehyde) and MG132 (ZLeu-Leu-Leu-aldehyde) were obtained from Calbiochem. BDNF, NT-3, and NT-4/5 were obtained from PeproTech EC. TO-PRO-3 iodide was obtained from Molecular Probes. The anti-␣-NADE polyclonal antibody was prepared by immunizing rabbits with the GST-mNADE fusion protein and was purified by using antigen-coupled Sepharose 4B (Amersham Pharmacia Biotech). The anti-rat p75NTR monoclonal antibody was obtained from Chemicon. The anti-caspase-3 monoclonal antibody and the anti-PARP polyclonal were obtained from Santa Cruz. The anti-mouse IgG-Cy-5 antibody and were purchased from Jackson Immunochemical. The anti-mouse Myc antibody, anti-FLAG antibody, and the anti-rabbit IgG-FITC conjugate were obtained from the Medical & Biological Laboratories. The anti-rat p75NTR antibody, the anticaspase-2 polyclonal antibody, and the anti-O1 mouse monoclonal antibody were kind gifts from Drs. M. V. Chao, L. A. Greene, and S. Pfeiffer, respectively.
Cell Culture and Transfection-293T and PCNA cells were obtained from American Type Culture Collection; PC12 and nnr5 cells were obtained from Dr. L. A. Greene. Oligodendrocytes were isolated as described previously (16) . 293T and PCNA cells were maintained in DMEM supplemented with 10% fetal bovine serum. PC12 and nnr5 cells were maintained in RPMI 1640 supplemented with 10% horse serum and 5% calf serum. 293T cells (1.5 ϫ 10 6 /per 100-mm dish) were transiently transfected with 20 g of plasmid according to the calcium phosphate method in DMEM supplemented with 10% fetal bovine serum. PC12 and nnr5 cells (4 ϫ 10 6 per 100-mm dish) were transiently transfected with 12 g of plasmid by using LipofectAMINE PLUS (Life Technologies, Inc.) in serum-free DMEM containing 100 ng/ml NGF.
Co-immunoprecipitation-The transfected 293T cells were lysed in 1 ml of lysis buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, 2 g/ml aprotinin, 2 g/ml leupeptin, 7 g/ml pepstatin, and 2 M PSI) at 4°C for 15 min, then the lysates were centrifuged at 15,000 ϫ g for 30 min. The supernatants were immunoprecipitated at 4°C for 8 h by using 1 mg of anti-Myc antibody coupled to protein G-Sepharose 4B. The beads were washed with lysis buffer, and the proteins were separated by 12.5% SDS-PAGE and analyzed by Western blotting using the antip75NTR polyclonal antibody or the anti-␣-NADE polyclonal antibody. For PC12 cells, cells were treated with 100 ng/ml NGF in serum-free DMEM, lysed in 1 ml of lysis buffer at 4°C for 15 min, and centrifuged at 15,000 ϫ g for 20 min. The supernatants were immunoprecipitated by using 0.8 mg of anti-rat p75NTR monoclonal antibody (Chemicon) or anti-␣-NADE polyclonal antibody, which were coupled to CNBr-activated Sepharose 4B (Amersham Pharmacia Biotech). The immunoprecipitated proteins were analyzed by Western blotting using the anti-rat p75NTR polyclonal antibody or the anti-␣-NADE polyclonal antibody.
RT-PCR-TRIZOL Reagent (Life Technologies, Inc.) was used to isolate 5 g of total RNA from oligodendrocytes after treatment of 10 to 100 ng/ml NGF for 3 h. NADE mRNA was amplified by using the primer pair 5Ј-CATTCCCAACAGGCAGATG-3Ј and 5Ј-GGCATAAGGCAGAA-TTCATC-3Ј. ␤-Actin was used as a control.
Apoptosis Assays and Caspase Assays-The transfected cells were washed with PBS, fixed in 3.7% paraformaldehyde, and stained with 50 g/ml DAPI. By using a fluorescence microscopy, the number of cells that had the nuclear morphology typical of apoptosis among at least 400 cells were counted in each sample. The MEBSTAIN Apoptosis Kit Direct (Medical & Biological Laboratories) was used for TUNEL assay (17) according to the manufacturer's protocol. Western blotting analysis detected the active forms of caspase-2, caspase-3, and PARP. For PC12 cells and nnr5, the caspase-3 assay was performed with a CPP32/ caspase-3 Fluorometric Protease Assay Kit (Medical & Biological Laboratories) according to the manufacturer's instructions.
Immunocytochemistry-Oligodendrocytes were treated with 100 ng/ml NGF for 12 h. After incubation with the anti-O1 mouse monoclonal antibody, cells were fixed with 3.7% paraformaldehyde for 60 min at room temperature, permeabilized with 0.1% sodium citrate containing 0.1% Triton X-100 for 2 min on ice, and incubated with the anti-␣-NADE antibody in PBS containing 0.5 M NaCl, 1% bovine serum albumin, and 1% normal goat serum (Sigma) at room temperature for 1 h. After several rinses with PBS, cells were incubated with the anti-rabbit IgG-FITC conjugate (Medical & Biological Laboratories) and antimouse IgG-Cy-5 conjugate in PBS at room temperature for 30 min. For the TUNEL assay, after incubation with the anti-O1 monoclonal antibody, cells were fixed, permeabilized, and processed by using the in situ detection kit for apoptosis according to the manufacturer's instructions (Medical & Biological Laboratory). After several rinses with PBS, cells were incubated with the anti-mouse IgG-Cy-5 conjugate in PBS at room temperature for 30 min. Glass coverslips were mounted in glycerin jelly, and the images of representative fields were captured on a Zeiss LSM 510 confocal laser-scanning microscope.
FIG. 1. Sequence and expression of NADE.
A, amino acid alignment of mouse, rat, and human NADE (HGR74) (18) proteins. The asterisk indicates the alternative starting methionine in human NADE. The dashed line indicates the leucine-rich nuclear export signal (NES) (19) . The line indicates the ubiquitination sequence (US) (20) . GenBank TM accession numbers are as follows: mouse NADE, AF187066; rat NADE, AF187065; and human NADE (HGR74), AF187064, M38188. B, proteasome inhibitors induce expression of NADE proteins in PCNA cells. Cells were treated with the proteasome inhibitor ALLN (25 M), PSI (10 M), or MG132 (10 M) or with a calpain inhibitor ALLM (25 M) for 3 h. Cell lysates were subjected to 12.5% SDS-PAGE and analyzed by Western blotting with the anti-␣-NADE polyclonal antibody. C, subcellular localization analysis of NADE protein in 293T cells. Cells were transfected with GFP, GFP-NADE wild type (GFP-NADE-WT), or GFP-NADE with L94A and L97A (GFP-L94, 97A), which have point mutations within NES motif. TO-PRO-3 iodide was used to visualize the nucleus, and the subcellular localization analysis was performed as described under "Materials and Methods." GST-p75NTR fusion proteins and in vitro translated mNADE with [ 35 S]methionine were incubated and bound complexes were precipitated as described previously (12) . B, top panel: determination of the p75NTR-binding domain in mNADE in vitro. The mNADE domains tested in the GST fusion proteins are shown schematically. NES, nuclear export signal; US, ubiquitination signal. Bottom panel, the interaction of mNADE with p75NTR was measured by using the GST fusion proteins containing the p75NTR cytoplasmic region (338 -396) with either mNADE or its deletion mutants. C, mNADE associates with p75NTR in a ligand-dependent manner. Cells were transfected with pcDNA3/rat-p75NTR and pcDNA3.1/myc-His(Ϫ)A/mNADE and cultured for 10 h. After withdrawing the serum, cells were treated with 10 or 100 ng/ml NGF for 12 h. Coimmunoprecipitation was performed as described under "Materials and Methods." Expression of p75NTR and
FIG. 3. NGF-dependent regulation of p75NTR/NADE-induced apoptosis in 293T cells.
A, effect of neurotrophins on cell death initiated by the association of mNADE with p75NTR. Cells were transfected with both of an expression vector pcDNA vector pcDNA3.1/myc-His(Ϫ)A and pcDNA3/rat-p75NTR or both of pcDNA3/rat-p75NTR and pcDNA3.1/myc-His(Ϫ)A/mNADE and cultured for 10 h. After withdrawing the serum, the cells were treated with 100 ng/ml NGF BDNF, NT-3, or NT-4/5 for 36 h. The TUNEL assay was performed as described under "Materials and Methods." These representative histograms show the relative numbers of apoptotic cells. B, caspase activation induced by NGF-dependent p75NTR/ NADE-mediated apoptosis. After serum depletion, cells were treated with 100 ng/ml NGF for 24 h. The activation of caspase-2 and caspase-3 was detected using anti-caspase-2 polyclonal and anticaspase-3 monoclonal antibodies. The degradation of PARP was detected with the anti-PARP polyclonal antibody. mNADE was confirmed by Western blotting using the anti-rat p75NTR and anti-mouse Myc antibodies. Anti-FLAG antibody was used as a control. D, native complex formation between NADE and p75NTR in PC12 cells as detected by co-immunoprecipitation assays. The antirabbit and the anti-mouse IgG antibodies were used as controls.
RESULTS AND DISCUSSION
Mouse NADE (mNADE) comprises 124 amino acids, with a predicted molecular mass of 14,532 Da; this factor seems to be a hydrophilic and acidic protein (estimated pI ϭ 5.97). Previously uncharacterized human gene HGR74 (18) showed significant identity to mNADE (92.8%, except the histidine-asparagine-rich stretch (amino acid residues 36 -48; Fig. 1A) ), being an obvious human homolog of NADE. NADE proteins in mouse, rat, and human have two consensus motifs, the leucine-rich nuclear export signal (NES) (19) and two boxes for ubiquitination sequences (20) (Fig. 1A) . Expression of mNADE mRNA (1.3 kilobases) was found highest in brain, heart, and lung, with lesser amounts in stomach, small intestine, and muscle and no expression in liver (data not shown). Interestingly, NADE protein was detected in PCNA and PC12 cells only after treatment with proteasome inhibitors ALLN, PSI, and MG132 for 3 h (Fig. 1B and data not shown) . These data imply that native NADE is modified by the ubiquitin conjugating system, thereby leading to subsequent protein degradation by proteasome. To investigate whether the NES sequence (19) in NADE is used for protein transportation from nucleus to cytosol, subcellular localization analyses of GFP-NADE and GFP-NADE NES mutants (Leu-94 3 Ala and Leu-97 3 Ala) were performed in 293T cells. Wild type with intact NES localizes to cytoplasm (Fig. 1C, middle left panel) , but the NES mutants remain in nucleus (Fig. 1C, bottom left panel) . These data suggested that NADE protein can be exported from nucleus to cytosol and that a NADE associating protein may promote and regulate the functional interaction of NADE with p75NTR.
To assess the interaction between mNADE and p75NTR, we first performed in vitro binding assays using GST fusion proteins ( Fig. 2A and B) . The mapping studies demonstrated that mNADE strongly binds to the cell death domain of p75NTR (ICD) (amino acids 338 -396) which is identical among mouse, rat, and human sequence ( Fig. 2A) . In addition, C-terminal portion of NADE (amino acids 81-106) is necessary for the interaction with p75NTR (ICD) (Fig. 2B) . To confirm in vivo interaction of NADE with p75NTR and its ligand dependence, we carried out co-immunoprecipitation experiments with myctagged mNADE/p75NTR co-transfected 293T cells. The results clearly showed that the recruitment of mNADE to p75NTR (ICD) was increased dose-dependently by NGF (Fig. 2C) . In addition, the co-immunoprecipitation assays under physiological conditions in rat pheochromocytoma PC12 and the human neuroblastoma SK-N-MC cell lines confirmed the interaction of NADE with p75NTR ( Fig. 2D and data not shown) . Interestingly, two NADE bands (22 and 44 kDa) were detected in SDS-PAGE under reducing conditions.
To investigate the functional role of mNADE, we tested liganddependent apoptosis by the interaction of mNADE with p75NTR in 293T cells. Using TUNEL assay, we detected liganddependent cell death in the presence of NGF, but not BDNF, NT-3, or NT-4/5 in co-transfected 293T cells (Fig. 3A) . In addition, NGF-treated 293T and COS7 cells transfected with mNADE and p75NTR showed morphological changes and DNA fragmentation typical for apoptosis (data not shown). These results strongly suggest that NADE has an important role in NGF-induced cell death by transducing the signal downstream of p75NTR. Next, we evaluated NGF-dependent caspase activation in transfected 293T cells. By Western blotting analysis, we showed that caspase-2 and caspase-3 were processed to active forms only in 293T cells that were co-transfected with mNADE and p75NTR and treated with 100 ng/ml NGF (Fig. 3B) . Also under the same conditions, PARP was degraded (Fig. 3B) . These data suggest that caspase-2 and caspase-3 are involved in NGF-induced cell death by p75NTR/NADE signal transduction pathway.
We (Fig. 4A, top panel) . Both TUNEL assay and DAPI staining clearly showed that the transient transfection of mNADE to PC12 and nnr5 cells caused their NGF-dependent cell death (Fig. 4A , middle panel and data not shown). In addition, caspase-3 was activated in both cell types (Fig. 4A, bottom panel) , suggesting that TrkA receptor does not markedly modulate p75NTR/NADE-mediated apoptosis.
RT-PCR was used to examine the NGF-dependent induction of NADE expression in mature oligodendrocytes. The results clearly showed that NADE mRNA is induced in the presence but not in the absence of NGF (Fig. 4B, top panel) . Furthermore, NGF induced caspase-3 activation (Ref. 16 and data not shown), implying a role for NADE in NGF-dependent p75NTR-mediated apoptosis (24) . To further characterize the NGF-dependent cell death of mature oligodendrocytes, confocal laserscanning microscopy was used to detect the cells undergoing apoptosis. In NGF-treated cultures, 60% of mature oligodendrocytes were TUNEL-positive, but in control cultures, only 10% or less were TUNEL-positive. In addition, 70% of mature oligodendrocytes were stained by NADE antibodies in NGFtreated cultures, compared with 5% or less in control cultures. After NGF treatment for 12 h, both nuclear TUNEL-positive staining and NADE-positive staining could be observed in more than 50% of O1-positive mature oligodendrocytes by immunocytochemistry (Fig. 4B , bottom panels and data not shown).
The signal cascade mediated by p75NTR has been enigmatic for a long time. Recent evidence suggest that p75NTR bifunctionally mediates signals to induce as well as inhibit apoptosis (25, 26) . Our results strongly support the hypothesis that NADE is a putative signal transducer for p75NTR-mediated apoptosis. Furthermore, co-induction of p75NTR and NADE triggers zinc-induced neuronal cell death in the model of rat hippocampus following ischemia. 2 Importantly, since NADE contains NES as well as ubiquitination sequences, its protein levels and localization might be under tight control in normal cells. Taken together, our data showed that the functional interaction of NADE with p75NTR plays an important role in p75NTR-mediated signal transduction under physiological conditions.
